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Abstract
This paper addresses surface ageing of a functionalized substrate in digital microﬂuidics. A model system based on
bovine serum albumin (BSA)-laden sessile drop is selected. AC ElectroWetting-On-Dielectrics (EWOD), increasingly
used in digital micro-systems for medical assays, is implemented in coplanar conﬁguration. The small frequency re-
quired by EWOD actuation (f =100 - 1000 Hz) enables shape oscillations of the latter sessile drop and internal streaming.
As demonstrated from dynamic contact angle (DCA) imaging, adsorption of BSA at the solid substrate is promoted un-
der EWOD, as also shown from the time-dependent solid-liquid surface pressure. For an oscillating mode, n = 6, our
numerical simulations show that corner eddies located near the oscillating contact line yield an eﬃcient molecular re-
newal. In this way, oscillating EWOD could be used purposely as a tool to speed up label-free detection from DCA
measurements.
c© 2015 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Among most advanced techniques of digital microﬂuidics, ElectroWetting On Dielectrics (EWOD) [1]
has become popular through the last years due to its abilities to generate and handle droplets by means of
actuated electrode pairs buried under dielectric and hydrophobic layers. This paper is essentially relevant to
biotechnological systems based on EWOD, particularly those devoted to biological environmental monitor-
ing [2] or rapid on-board clinical diagnostics [3]. A proof-of-concept for label-free probing at drop scale is
given in [4] where dynamic contact angle (DCA) measurements demonstrate that a solid phase assay based
on DNA hybridization in a sessile drop drives a signiﬁcant change in the solid-liquid surface tension. The
present paper shows how coplanar EWOD in the oscillating regime (see electrode pair design in Fig. 1 of
[7]) could reveal helpful for label-free biosensing based on such DCA measurements. Here, extensive use is
made of BSA molecule since it is currently involved in heterogeneous reactions, for instance in the case of
avidin adsorption on (BSA-coated) oxide surfaces of biochips [5]. The frequency of the EWOD actuation is
also considered as a control parameter in the experiments.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Materials and methods
A mother solution of BSA (extracted from bovine blood serum) at a concentration of 2 mg/mL was
prepared from lyophilized powder of BSA at 98%. The solvent solution was prepared in reagent grade
phosphate buﬀered saline (PBS, pH = 7.4). The ﬁnal solution was adjusted to pH = 4 using hydrochlo-
ric acid (99% purity). The sessile drops involved in the experiments of this paper are characterized by a
concentration of 30 μg/mL of BSA in a 100%PBS buﬀer at pH = 4 and room temperature (T=315K).
3. Supporting theory
DCA analysis is used here to investigate the kinetics of protein interaction with the surface of an EWOD
chip. Using the measured dynamic contact angle, θ(U,C0, t), and the applied voltage U, the surface tension
γS L may be calculated from the Young-Laplace balance for a drop of volume concentration in BSA, C0,
and for a RMS voltage, U: γLG cos θ (U,C0, t) = γSG − γS L (U,C0, t). Since we are only concerned with
chemical transport within the drop, γSG is consistently supposed not to be aﬀected by surfactant adsorption.
The Young-Laplace balance can be written according to its usual form in non-contaminated conditions
(100% PBS drop), γLG0 cos θ0 = γSG − γS L0 , as well as in presence of BSA molecules, γLG cos θ(0,C0, t) =
γSG − γS L (0,C0, t). The symbols γS L0 and θ0 are referred to as the solid-surface tension and the contact
angle as obtained with no actuation and no BSA molecules (θ0=θ(0, 0, t)). As already mentioned, γLG (=
35mN/m) and γSG are considered as constant. The expression for the physicochemical surface pressure can
be deduced from the latter balances:
ΠS L := γLG cos θ(0,C0, t) − γLG0 cos θ0, (1)
Similarly, one also gets: γS L0 −γS L (U,C0, t) = γLG cos θ(U,C0, t)−γLG0 cos θ0. Last, the dependence of γS L
on U and the dependence of γS L on (Co, t) can be dissociated by making use of the Lippmann equation for
coplanar electrowetting, γS L (U,C0, t) = γS L (0,C0, t) − c8U
2, where c, the capacity between the drop and
the electrodes underneath, is deﬁned from c = (dSi3N4/ε0εSi3N4 + dSiOC/ε0εSiOC + doil/ε0εoil)
−1, with ε0, the
vacuum permittivity. The additional capacity contribution doil/ε0εoil is due to the presence of an ultrathin
ﬁlm of silicone oil (thickness: doil = 260 nm, permittivity: εoil = 2) which warrants lubrication of the solid
surface [6, 7]. Finally, the surface tensions γSG and γLG being constant, the variation of γS L, expressed in
term of the physicochemical surface pressure, ΠS L, writes, according to the latter equations:




This last expression (2) illustrates how surface ageing must be corrected due to electrowetting.
4. DCA experiments with oscillating EWOD
Surface pressure measurements are carried out using imaging of the sessile drop in the course of time
and extracting its contact angle (Figs. 1 – 2). The images are taken by switching oﬀ transiently the EWOD
actuation during a short time scale (1s at most) no longer than the one required to damp drop oscillations
under viscosity (about 100 ms, see Ref. [8]). Doing this, no impact on the averaged drop shape is observed
except that the drop surface becomes clearly deﬁned during this imaging step since the contact line stops
to oscillate. Pure water and pure PBS buﬀer without electrowetting actuation were evaluated concerning
their dynamic surface pressure. These model liquids are measured in order to check that the value of surface
pressure remains at a constant level and therefore in order to validate our methodology (Fig. 2). The surface
tension of 100%PBS buﬀer, γLG0 =75mN/m, and the associated contact angle, θ0 = 104
◦, are chosen as
reference values in eq. (1) or equivalently in eq. (2) with U=0.
In Fig. 2, pure water leads to a solid-liquid surface pressure apparently larger than the one of PBS buﬀer.
This is in agreement with the fact that the PBS buﬀer is characterized by an averaged concentration of about
























Fig. 1. Surface ageing as characterized by the reduction of the
dynamic contact angle θ(t), for a 1 μ l-drop made from BSA
(30 μg/mL) in 100% PBS buﬀer (pH = 4). Impact of oscillat-
ing electrowetting upon θ(t) for resonant eigenmodes (ampli-
tude: Tn=2,4,6 = 0.15): () n = 2, () n = 4 and () n = 6.
For sake of comparison, time dependence of the dynamic con-
tact angle θ(t) () when electrowetting actuation is switched
oﬀ. Insert: solid-liquid surface pressure ΠS L(U = 0) (+) as
deduced from eq. (1) and asymptotic ﬁt (−) for the short-time
diﬀusion-limited regime (ΠS L ∼
√
t when t → 0).














Fig. 2. Impact of oscillating electrowetting upon surface pres-
sure ΠS L for a 1 μL-drop made from BSA 30 μg/mL in 100%
PBS buﬀer (pH = 4). Surface pressures are calculated from the
reference surface tension γLG0 . Reference values (no EWOD ac-
tuation) of ΠS L as obtained from:  100% PBS buﬀer,  pure
water or • BSA 30 μg/mL in 100% PBS buﬀer. Dependence
on both LF voltage amplitude and resonant modes: n = 2 (
T2 = 0.15,  T2 = 0.30), n = 4 ( T4 = 0.15) and n = 6 (◦
T6 = 0.15).
150mmol/L of diﬀerent salts (typical of the physiological concentration of salts in biological cells) and has
consequently a surface tension slightly larger than the one of pure water (see Eq. (1), keeping in mind that
the contact angles of pure water as well as PBS buﬀer are both hydrophobic).
The experiments presented in this case focus on the aspect of low-frequency electrowetting and its impact
on albumin adsorption on the lubricated solid substrate. Diﬀerent resonant deformation modes, n = 2, 4




The variables R0 and An denote the drop radius and the amplitude of standing drop oscillations[7] for the
eigenmode n. Contact angle measurements presented here are performed for n = 2 with T2=0.15 or T2=0.30
(Fig. 1). In addition, higher modes are compared (n = 4 and n = 6) for Tn = 0.15. For all measurements,
electrowetting voltage U remains much smaller than the one required to initiate contact angle saturation (see
e.g. Fig. 2 in Ref. [6]), so that the Lippmann-Young equation used in this paper always holds. The values
of R0 and An are extracted from imaging of drop oscillations. All relevant results are presented in Fig. 2 in
term of surface pressure. Each data point is the mean value of a series of measurements performed in the
same conditions and at the same time. In order to show the reproducibility, the standard deviation, σ, for
each data point is calculated and displayed as an error bar.
PBS buﬀer with BSA and no EWOD actuation exhibits the least eﬃcient surface ageing in the sense
that the long time value of ΠS L (t → ∞) still remains of the order of 19 mN/m. Then, by switching on
EWOD actuation and by increasing the low frequency at constant drop oscillation amplitude, surface ageing
is found to increase signiﬁcantly. The higher mode, n = 6, reveals itself to be responsible for the most
eﬃcient surface ageing (t → ∞ : ΠS L ∼ 31 mN/m). At ﬁrst sight, this result could seem surprising since
it is expected that the oscillatory shear generated by drop oscillations, prevents adhesion of the proteins to
the substrate. This means that electrowetting-induced stirring due to steady streaming stands as an eﬃcient
means to enhance BSA transport towards the solid substrate. The impact of the amplitude of the modulation
voltage at n = 2 is also investigated. Not surprisingly, the actuation amplitude also stands as a surface ageing
enhancement parameter.
As also made evident in the experiments, the higher mode, n = 6 generates the most eﬃcient surface
ageing (t → ∞ : ΠS L ∼ 30 mN/m, Fig. 2). And the numerical calculations of drop ﬂow patterns [7] show
that, in contrast to mode n=2 for which the vortices are observed throughout the drop, the vortices observed
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at high mode, n=6, concentrate within the Stuart layer standing along the drop surface with a steady corner
eddy located near the contact line [9]. This could explain why the eﬃciency of stirring-enhanced surface
ageing might be higher for modes 4 and 6; a point which is in line with the presented measurements.
To support this physical interpretation, transient diﬀusive and convective transports of BSA molecules
are calculated by taking into account drop streaming and adsorption at the solid substrate ([9]). The large
value of the ﬁniteness number, ε0 ∼ 10, means that the drop behaves as a semi-inﬁnite system [10]. The
large value of the Thiele number (Th ∼ 10 − 100) indicates that solid-liquid surface ageing is essentially
driven by a diﬀusion-limited regime without the presence of drop streaming ﬂows. This is experimentally
conﬁrmed at short time without EWOD actuation (see insert in Fig. 1). The values of the Peclet and
Damko¨hler numbers (Pe ∼ 106, Da ∼ 10−4, see e.g.[9]) suggest that convection acts on shorter time scales
than diﬀusion and adsorption, which conﬁrms again that the inﬂuence of drop internal ﬂows can not be
neglected. Isoconcentration contours, as calculated from numerical simulations of BSA chemical transport,
clearly demonstrate that a large concentration gradient arises near the contact line for high modes 4 and 6,
while for mode 2, the most signiﬁcant gradients are observed a little further to the center of the drop.
5. Conclusion
BSA molecules exhibit an aﬃnity for the lubricated solid substrate underneath the drop, as demonstrated
by a signiﬁcant increase of the surface pressure ΠS L. The liquid-gas drop surface is also found to experience
a signiﬁcant change of its surface pressure ΠLG but due to the fast kinetics of drop surface ageing, it is
not found dependent on EWOD actuation. The largest stirring eﬃciency is made evident near the contact
line for a high resonant mode (n=6). The oscillating motion of the contact line under EWOD actuation
can be interpreted as an eﬃcient way to continuously adsorb and pack BSA molecules along the solid-
liquid surface. Considering end-user needs, oscillating EWOD can deliver practical beneﬁt to label free
techniques [11] at digital scale, such as the one developed for a molecular recognition reaction in a solid-
phase assay [4, 12]. By combining imaging of dynamic contact angle with oscillating EWOD at a large
enough resonant mode (n = 6 for instance), in order to generate a steady eddy near the contact line, the
detection sensitivity could be increased and the diagnostic speed up. Conversely, if the aim is to prevent
biomolecular adsorption[13], EWOD at high frequency can be preferred to the oscillating regime.
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